We investigated the estrogenic activity of various environmental pollutants (xenobiotics), in particular the xenoestrogen o,p-DDT, and compared their effects with those of endogenous estrogens, phytoestrogens, and mycoestrogens on estrogen receptor binding capacity, induction of estrogen end products, and activation of cell proliferation in estrogen-sensitive human breast cancer cells in monolayer culture. We also quantified the levels of phytoestrogens in extracts of some common foods, herbs, and spices and in human saliva following consumption of a high phytoestrogen food source (soy milk) to compare phytoestrogen abundance and bioavailability relative to the reported xenoestrogen burden in humans. Results show that natural endogenous estrogens, phytoestrogens, mycoestrogens, and xenoestrogens bind estrogen receptor (ER) in intact cells, but demonstrate marked differences in their ability to induce end products of estrogen action and to regulate cell proliferation. All of the different classes of estrogens stimulated cell proliferation at concentrations that half-saturated ER, but only some classes were able to induce estrogen-regulated end products. Genistein, a common phytoestrogen found in soy foods, differed from the xenoestrogen DDT in its effects on cell proliferation and ability to induce estrogen-regulated end products. Moreover, we found that many of the foods, herbs, and spices commonly consumed by humans contain significant amounts of phytoestrogens, and consumption of soy milk, a phytoestrogen-rich food, markedly increases the levels of phytoestrogens in saliva. In conclusion, our in vitro results predict that a diet high in phytoestrogens would significantly reduce the binding of weak xenoestrogens to ER in target tissues in vivo. Environ Health Perspect 1 05(Suppl 3): 637-645 (1997) 
Introduction
Each year billions of pounds of pesticides, herbicides, solvents, detergents, and other chemical wastes spill into our ecosystem and accumulate in the air, water, and, food chain (1, 2) . Environmental scientists have recently raised concern that many of these industrial wastes are weakly estrogenic and, by acting as estrogen mimics (xenoestrogens), disrupt normal endocrine function, leading to reproductive failure and cancer of estrogen-sensitive tissues (1) (2) (3) . Recent scientific reviews pharmaceutical industries. These can be categorized broadly as natural or synthetic (Table 1) . Natural estrogens are those that humans, and all other animal species, have been exposed to throughout their evolution. They are manufactured by the body (endogenous estrogens), or by plants (phytoestrogens), or fungi (mycoestrogens). In contrast, synthetic estrogens are those that only recently have been introduced into the ecosystem either purposely as pharmaceuticals (drugs) or inadvertently by the petrochemical industry (xenoestrogens). Phytoestrogens are found abundantly in foods, herbs, and spices commonly consumed by humans (6, 7) , whereas mycoestrogens (8) and xenoestrogens (1, 2, 4) gain entry into the food chain as contaminants of air, water, and food.
The molecular structure of exogenous natural and synthetic estrogens may be very similar to, or strikingly different from, the parent hormone estradiol (4, 5, 7, 9) . Despite their structural diversity, all of the exogenous estrogens, when consumed either as natural components (phytoestrogens) or contaminants (xenoestrogens, mycoestrogens), have the capacity at some concentration to bind to estrogen receptors (ERs) in target cells of the body and initiate (agonist) or inhibit (antagonist) estrogenlike actions (10, 11) . In doing so, estrogen mimics have the potential to alter, either in a beneficial or harmful manner, the growth, development, and function of estrogen target tissues.
In this study we compared the relative estrogenic potency of various well-known environmental petrochemical pollutants with natural endogenous estrogens, phytoestrogens, and mycoestrogens in order to shed light on possible differences in molecular actions that might account for the putative harmful effects of xenoestrogens on reproductive function and cancer. We investigated differences in the ability of these structurally diverse compounds to bind ER, induce estrogen-regulated end products, and activate cell proliferation in well characterized estrogen-sensitive human breast cancer cell lines in vitro. We also used an estrogen radioreceptor assay to quantitate the levels of phytoestrogens present in common foods, herbs, and spices in order to compare their abundance relative to the reported burden of xenoestrogens in humans (1, 2, 4, 5) . In addition, we developed a saliva radioreceptor assay to monitor the bioavailable fraction of phytoestrogens Immunocytochemical staining for pS2 (cytoplasmic granular staining) and for ER and PR (nuclear staining) was evaluated by light microscopy at 100 x and 250 x as follows: none or less than 10% (-), 10-40% (+), or > 40% (++) of cells staining at any intensity (weak to strong).
Preparation ofHerbal xracts (IInctures)
Dried herbs were extracted in 50% ethanol/dH2O (2 g herbs/10 ml) for 2 days and the insoluble contents sedimented by centrifugation at 150Oxg for 15 min at room temperature. The soluble extract was removed and transferred to a 15-ml polypropylene tube and stored at 40C. Unless otherwise indicated, herbal tinctures were combined with 1% CT-FRI (4 pl extract/ml) to determine their estrogen content by estrogen receptor binding assay (ERBA).
Collection and Processing ofSaliva
Before collecting saliva, volunteers rinsed thoroughly with cool water and chewed sugar-free gum for about 5 min to stimulate saliva flow. Saliva (5 ml) was then collected in polypropylene tubes. Sodium azide was added to a final concentration of 0.1 % and the saliva frozen, thawed, and clarified by centrifugation at 1500 x g for 10 min. Saliva (1 ml) was extracted twice with 1 ml of diethylether and the ether 120 - 
Estrogen End Product Induction by Natural and Synthetic Estrogens
In MCF-7 cells, pS2 and PR are estrogenregulated proteins (11, 13) . PR is an intracellular protein localized to the nuclear compartment whereas pS2 is a secretory protein, about half of which is released into the growth medium within 24 to 48 hr. ER is also sensitive to estrogens and is downregulated by estrogen exposure (11) . Therefore, the upregulation of pS2 and PR and the downregulation of ER were used as indices of the estrogenic activity of test compounds from each category listed in Table 2 . pS2 was measured both as a secreted protein in the growth media by enzyme immunoassay (12) and as an intracellular protein by immunocytochemistry. ER and PR also were measured semiquantitatively by immunocytochemistry. Each compound was tested at a concentration determined to approximately half-saturate the nuclear ER binding sites ( Figure 1 , Table 1 ).
Results in Table 3 demonstrate that estradiol, zearalenol, zearalenone, genistein, equol, and kaempferol significantly increased both the extracellular and the intracellular concentration of pS2. These estrogens also increased the intracellular immunostaining for PR, and decreased the immunostaining for ER, consistent with their actions as estrogen agonists (11) . As might be expected for estrogen antagonists (12) such as tamoxifen and hydroxytamoxifen and non-ER-binding ligands such as progesterone and cortisol, there was no increase in pS2 or PR. Neither o,p-DDT nor quercetin, at concentrations that were shown to half-saturate ER, increased pS2 or PR; however, both of these weak estrogens downregulated ER. Figure 2 . The initial concentrations for each test compound were one log lower than the concentrations determined in Table 2 Table 4 . Not unexpectedly, soy milk, which is known to contain high levels of the phytoestrogens genistein and daidzein (14) , had the highest level of phytoestrogens. Licorice, Glycyrrhiza glabra, and red clover, Trifolium pratense, both of which, like soybeans, belong to the Leguminosae family, also contained high levels of phytoestrogens, as reported previously (6 (4, 5) . Saliva is a natural ultrafiltrate of blood and has been shown to contain the bioavailable or free fraction of nonpolar, low molecular weight molecules such as steroid hormones (17, 18) . Xenobiotics, as well as phytoestrogens, fall into this class of low molecular weight, nonpolar molecules (7, 9, 16) , and are detectable in saliva. To confirm that the saliva assay can detect an increase in the levels of ER-binding components following consumption of a phytoestrogen food source, we measured estradiol and total estrogen levels in saliva after ingestion of soy milk, which contains high levels of phytoestrogens ( Figure 3A-D in total salivary estrogens within 1 hr, followed by a rapid decline over 5 hr. In several individuals a second peak was seen at 5 to 12 hr, followed by a return to baseline within 24 hr. Note that very low levels of salivary estrogens were seen in one individual ( Figure 3B ) following soy milk consumption. Salivary estradiol was also quantified in the same saliva samples and did not change significantly over the 24-hr time course. No changes in total salivary estrogens were seen over the same time course when volunteers drank water or cow's milk (data not shown).
Discussion
In regions where wildlife has been heavily exposed to industrial pollutants, reproductive tract failures are commonplace, threatening survival of many animal species (1, 2, 9, 19, 20) . These forewarnings have led environmental scientists to conjecture that the bioaccumulation of petrochemical pollutants with estrogenlike activity in our ecosystem and food chain could also account for the reported increase in reproductive dysfunction (3), lower intelligence and behavioral disorders in children (21, 22) , and cancers of the breast and reproductive organs (23) (24) (25) . This argument has been refuted (4,5) on the grounds that natural phytoestrogens, which bind with much higher affinity to ER, and are consumed in much higher quantities in common foods than are xenoestrogens, would diminish xenoestrogen binding to ER in target cells to insignificant levels. Hence, by competitively inhibiting xenoestrogen binding to ER, phytoestrogens in food would suppress any toxic effects of xenoestrogens as endocrine disruptors or cancer promoters. The daily exposure from xenoestrogenic pesticides such as DDT, dieldrin, endosulfan, and methoxychlor is approximately 2.5 pg/day (4, 5) . The serum concentration of DDT in women ranges from 2 to 15 nM, which is approximately 5 to 40 ppb (23) (24) (25) (26) . Our in vitro cell culture results (Table 2) demonstrate that the concentration of DDT required to half-saturate ER is about 1000-fold higher (1 pM) than the reported levels of DDT in serum (23) (24) (25) (26) . Based on this information we would not predict that DDT, or other xenoestrogens with similar binding affinities to ER, would have significant estrogenic impact on target tissues in vivo. However, xenoestrogens and other xenobiotics are very nonpolar molecules and resist metabolic activation/elimination, which allows them to bioaccumulate and persist in fatty tissues of the body for years (23) (24) (25) (26) (27) . In fact, the tissue burden of DDT (2 ppm) and other xenobiotics such as PCBs (5-6 ppm) in adipose breast tissue of humans is nearly 1000-fold higher than their serum levels (23) (24) (25) (26) (27) . This biomagnification of xenoestrogens in fatty tissues or organs of the body could effectively raise the local concentrations of xenoestrogens such as DDT to the low micromolar range, which could have estrogenic effects on target tissues, according to our data (Table 2, Figure 2) .
Because xenobiotics bioaccumulate in fatty tissues of the body over a lifetime, most currently available assays that assess the short-term estrogenicity of a xenobiotic in animals in vivo, or in human cells in culture in vitro, probably fall short of portraying the true estrogenic potential of an environmental pollutant in humans in vivo. Moreover, a recent study found that the cumulative effects of several pesticides commonly found as pollutants in the environment at low levels are over 1000 times more potent as xenoestrogens than the individual molecules.
It has been suggested (4, 5) that xenoestrogens would not be expected to have a significant impact on estrogen target tissues because their effects would be competitively blocked from ER sites by the much higher concentrations of phytoestrogens consumed in foods. Indeed, our results confirm that the amounts of phytoestrogens consumed in common foods, herbs, and spices (Table 4, Figure 3 ) would be much greater than the estimated daily exposure to xenoestrogens (e.g., DDT) and other xenobiotics found in the air, water, and food chain (4, 5) . Moderate consumption of soy foods in amounts common to Asian diets (12, 14) results in intake of about 10 to 20 mg of phytoestrogens such as genistein and daidzein (14, 29) . Based on the results presented in Figure 3 , the bioavailable levels of estrogens increase from less than 50 to about 200 to 1000 pg/ml following soy milk consumption. From this we estimate that the bioavailable level of phytoestrogens would range from 200 to 1000 ng/ml, or 1 to 3 pM. Hence, the phytoestrogen concentration after consumption of a soy meal might be expected to be at least 100 times the reported serum concentrations of xenoestrogens (i.e., 1-3 pM vs 2-15 nM). Since the phytoestrogens bind to ER with about 10-fold greater affinity than DDT and other xenoestrogens [(7,9,30) ; DDT to ER nearly 1000-fold. Other common spices (e.g., turmeric and thyme) and hops, which are used copiously in many foods and beverages (e.g., beer) could also significantly contribute to the phytoestrogen content in vivo (Table 4) .
Although our in vitro results concur with Safe's hypothesis (4, 5) that the estrogenic actions of xenoestrogens in vivo would be expected to be insignificant relative to endogenous estrogens and dietary phytoestrogens, it is important to underscore that significant differences in the bioaccumulation and metabolism of xenoestrogens in vivo may significantly increase their biological impact on estrogen target tissues. As mentioned, the tissue burden of DDT and other xenobiotics such as PCBs (24, 26) can be much higher than serum levels (25, 27) , and many of these chemicals persist for years in fatty tissues of the body such as the liver, breast, testes, ovaries, and brain. In sharp contrast to the very long biological half-lives of most xenobiotics, our studies ( Figure 3 ) and others (29, 31) demonstrate that phytoestrogens such as those found abundantly in soy foods have very short biological half-lives and are inactivated, metabolized, or eliminated within hours after consumption.
Our studies have also revealed that xenoestrogens such as DDT can have very different effects on cell proliferation and estrogen-regulated end products than estradiol or phytoestrogens such as genistein. For example, estradiol and genistein at concentrations that half-saturated ER were equipotent estrogen agonists; they both induced several well-characterized estrogen-regulated proteins (pS2 and PR), downregulated ER, and stimulated cell proliferation (Table 3, Figure 2 ). In contrast, DDT did not stimulate the synthesis of the estrogen-regulated proteins despite its ability to stimulate cell proliferation (Table 3) . Moreover, DDT differed from genistein in its effects on cell proliferation over a broad concentration range. Genistein demonstrated a biphasic effect on cell proliferation, stimulating proliferation up to 1 pM concentration and abruptly inhibiting proliferation at 10 to 20 pM. In contrast, DDT persistently stimulated cell proliferation over the same dose range. Equol, which is structurally very similar to genistein (7, 12) , does not possess the same growth inhibitory properties at the high (10-20 pM) concentration. We previously speculated that structural features endow genistein with both relatively potent estrogenic and growth inhibitory properties that are unique among the flavonoids (12) .
Immunocytochemical staining of formalin-fixed cells with a pS2-specific antibody confirmed that only those compounds that induced pS2 in the growth media increased specific intracellular cytoplasmic pS2 antibody staining in MCF-7 cells (Table 3) . Nearly all of the estrogens (excepting equol) that increased both the intracellular cytoplasmic and extracellular (growth media) levels of pS2 also increased specific nuclear staining for PR, consistent with the notion that both of these proteins are estrogen-regulated. Most of the chemicals tested that downregulated ER also induced pS2 and PR, as would be expected for a pure estrogen agonist such as estradiol. However, two of the estrogens that downregulated ER (DDT and quercetin) did not induce pS2 or PR, indicating a divergence in the molecular pathways regulating cell proliferation and estrogen end-production induction.
Although our in vitro tests would predict that the impact of xenoestrogens on estrogen target tissues would be trivial relative to phytoestrogens, it is important to recognize that some petrochemicals perturb endocrine pathways by disrupting other hormone receptor systems or by modifying the metabolic disposition of steroid hormones. For example, xenobiotics such as PCBs and DDE have antiandrogen activity (32, 33) . Other xenobiotics such as TCDD indirectly affect estrogen action by downregulating ER, thus acting as an antiestrogen (4, 5) . We (Table 2 ) and other investigators (4, 5) have found that TCDD does not bind directly to ER. However, it does bind to arylhydrocarbon receptor and induces cytochrome P450 enzymes that enhance estradiol metabolism (4, 5) . Many of the xenobiotics have similar actions on estradiol metabolism (1, (34) (35) (36) , and therefore could affect the formation of highly reactive forms of endogenous estrogens that could potentially damage cells, leading to mutations and eventually to cancer. For example, hydrocarbon-induced 16a-hydroxyestrone (34) covalently binds to ER, and estrogen-3,4-quinone, a byproduct of estrogen metabolism, binds DNA and has been shown to be carcinogenic in animal models (36) .
Another weakness of using in vitro models to predict the impact of xenoestrogens in vivo is that these model systems do not take into account how bioaccumulation of xenobiotics in hormone-synthesizing organs (adrenals, ovaries, testes, thyroid) might alter the ability of those organs to manufacture endogenous hormones (e.g., estradiol, progesterone, testosterone, cortisol, dehydroepiandosterone, thyroxine). Epidemiologic and clinical studies have closely linked imbalanced hormone production to reproductive dysfunctions, cancers (breast, uterus, and prostate), premenstrual syndrome, menopausal symptoms, and numerous other diseases in humans (heart disease, osteoporosis, Alzheimer's, immune dysfunction) (17, (37) (38) (39) (40) (41) (42) .
Experiments on nonhuman primates have demonstrated that petrochemical pollutants can have a profound impact on hormone-synthesizing organs (1,2,43,44 ). For example, hexachlorobenzene (HCB) has been shown to suppress luteal progesterone synthesis in cynomolgus monkeys (43) . We and other investigators (9) have not found that HCB binds to ER (Table  1) , which would categorize it as a potential endocrine disruptor but not xenoestrogen. HCB has also been found in human serum, fat, and ovarian follicular fluid of in vitro fertilization patients, and therefore could potentially suppress ovarian progesterone synthesis in humans. Interestingly, the stable isomer of lindane, BHCH, was recently shown to induce estrogenlike effects through estrogen responsive genes without apparent binding to ERs (45) . We also found that BHCH does not bind estrogen receptors but did not test it further for effects on cell proliferation.
Although it is well recognized that failed production of progesterone by the corpus luteum during the first trimester of pregnancy leads to miscarriage (17) and that progesterone is essential for proper neuronal development (46) (17) .
